In this study, the rheological and flow properties of stirred yoghurt in a circular pipe as affected by casein and fat content were investigated. The structure breakdown of the stirred yoghurt was evaluated from the rheological measurements and compared with that estimated from pipe flow data through estimating the dimensionless structure number (Se) and Deborah number (De). The rheological tests revealed that increasing the casein and fat content led to increase the apparent viscosity of the stirred yoghurt and its dependence on shearing time. Both, the rheological and pipe flow tests revealed that the thixotropic behaviour of stirred yoghurt increased with casein and fat content, where the rate of structure breakdown of yoghurt in pipe flow was greater than the build-up rate. On the other hand, increasing the casein and fat content in stirred yoghurt resulted in an increase in the Deborah number (De), which means an increase in the elasticity of the yoghurt. It was shown in this work that the simple rheological tests can be used to estimate the structure breakdown rate of stirred yoghurt in pipe flow.
Introduction
Yoghurt is usually classified in two basic types, according to its physical state in the retail container: set yoghurt and stirred yoghurt (Afonso and Maia, 1999 ). Set yoghurt is fermented then consumed without further treatment while stirred yoghurt is fermented in large tanks, stirred and subsequently packed (Sodini et al., Remeuf et al., 2004; Lee and Lucey, 2004; Damin et al., 2009) . In set yogurt, fermentation takes place after pouring the milk with starter culture in the containers. Yogurt is set in the containers and has a thick consistency and a thin flat skin on the top. The stirred yoghurt should have a smooth texture with high viscosity. The product becomes smoother if the stirring is more intense, but the intense stirring also lowers the viscosity.
Much effort has been invested into the optimizing structure breakdown of the stirred yoghurt. In all processes, the yoghurt gel is firstly broken by stirring in the tank. The second structuring step varies greatly, which partly depends on product composition. One extreme is the use of a colloid mill to smoothen the high-solids yoghurt. On the other hand, pumping the product through some type of restriction like homogenizer valves and sieves is used for less viscous products.
Yoghurt exhibits a complex rheology that depends on many factors such as the temperature and the milk composition (Fangary et al., 1999) . The understanding of the rheological properties of yoghurt is important to texture, stability, and process design. Therefore, many researchers used rheological techniques as a tool to study the structure breakdown of yoghurt (Aportela-Palacios et al., 2005; Damin et al., 2008; Xu et al., 2008; Akalin et al., 2008; Renan et al., 2009; McCann et al., 2011) . In the literature, most of researchers considered either the stirred yoghurt processing parameters (Kemblowski and Petera, 1981; Benzech and Maingonnat, 1993; Mullineux and Simmonsor, 2008) or their rheological behaviour (Jumah et al., 2001; Shaker et al., 2002; Mohameed et al., 2004; Ciron et al., 2011; Ciron, et al., 2012) without attempting to relate them. Evidently it is important to search for links between the properties of yoghurt during processing with the
Theoretical Analysis
The relationships between the structure number (Se), Deborah number (De), and Reynolds number (Re) describing the flow behaviour of yoghurt in a circular pipe flow and the rheological parameters like the shear stress and shear rate that can be obtained from the classical rheological test using a rotational viscometer have been demonstrated by using yoghurts with different casein and fat content.
Deborah number incorporates both on the elasticity and viscosity of the material. The smaller De, the material behaves more fluid like with an associated Newtonian viscous flow. At higher De, the material behavior changes to non-Newtonian regime, increasingly dominated by elasticity, reaching solid like behavior with very high Deborah numbers. In addition, Deborah number can be quantified as the ratio of the characteristic time of the material to the characteristic time of the process. The characteristic time of a material may be considered as an order of magnitude estimate for how long it takes the substance to complete a stress relaxation process (Pipkin, 1986) . If a material is an ideal solid, the characteristic time is infinity and no relaxation occurs. On the other hand, the characteristic time of an ideal viscous material is zero meaning relaxation is immediately (Steffe, 1996) . For example, the characteristic time of water is 10 -12 s, and the characteristic time for glass (a super cooled liquid at room temperature) is greater than 10 5 s. Hence, the elastic effects of water are difficult to observe when it is deformed, because it relaxes very quickly. On the other hand, the viscous behaviour of glass is not easily observed because the response to the deforming force (gravity) on a vertical pane is very slow; therefore, decades are needed to observe a change in the material (Steffe, 1996) . The structure number (Se) characterizes the state of the material at the pipe entrance. If Se = 1, then the fluid structure at the pipe entrance is equal to the mean value of the equilibrium structure in a cross-section very far from this pipe entrance. While the other cases, Se > 1 and Se < l describe a breakdown and build-up respectively of the structure of the material in the pipe (Kemblowski and Petera, 1981) .
One of the important concepts to characterize the flow of fluid is by means of Reynolds number (Re), which takes into consideration the nature of the fluid through its viscosity and density, the flow conditions by the fluid velocity, and the system geometry by considering the diameter of the pipe (Rao, 2010 ) . The Reynolds number is the ratio of the kinetic force to the viscous force of the fluid flow. For example, if the viscosity of the fluid is high, Re will be low and the flow will be stabilized. While if the velocity is high, Re will be high and the flow will be disturbed. In pipe flow the following values of Re can be used to characterize the flow: if Re < 2100, the rheological behaviour of the final product.
On the other hand, variations in the rheological properties of stirred yoghurt have been attributed to several factors. These can be of a physical nature such as those related with milk composition and type of starter culture, or processing conditions-related, such as homogenization, thermal pretreatment of the milk and post-incubation stages that include stirring, pumping, cooling and packaging (Afonso and Maia, 1999) . The physical state of fats and proteins present in the milk is one of the physical nature factors that have a big influence of the texture and flow behaviour of stirred yoghurt (Fangary et al., 1999) .
Casein is a group name for the dominant class of proteins in the milk. The casein easily forms aggregates containing identical or different types of molecules (Gost, 1995) . In the yoghurt structures, the casein is the main component involved in the gels made from milk by acidification. In addition, the preparation of yoghurt from homogenized milk coats the increased surface of fat globules with casein, enabling the fat globules to participate as a copolymer with casein to strengthen the gel network (Everett and McLeod, 2005) . Puvanenthiran, Williams and Augustin (2002) found in their study on set yoghurt that as the casein (CN) to whey protein (WP) ratio was decreased the maximum gel strength of the yoghurt increased. Scanning electron microscopy indicated that gels with a lower proportion of casein had a finer structure with numerous small pores and a dense network of crosslinks (Puvanenthiran et al., 2002) . Similar results have been reported by Kücükcetin (2008) that as CN to WP ratio increased in the stirred yogurt the number of grains, perimeter of grains, visual roughness, storage modulus and yield stress decreased.
In a recent study of Krzeminski et al. (2011) , the effect of whey protein addition on structural properties of stirred yoghurt systems at different protein and fat content was studied. It was observed that the relative magnitude of the texturizing and stabilizing effect depended on the presence of whey protein concentration and the presence of fat globules, and thus on type and strength of interparticle interactions. As whey protein content raised, the particle size, viscosity, and network firmness also increased.
In this study an attempt was made to correlate the rheological behaviour and the flow properties through a circular pipe for stirred yoghurt, in order to predict the structure behaviour of stirred yoghurt from simple rheological test. This approach was demonstrated by changing the casein and fat content of stirred yoghurt. This method enables one to achieve the ease and optimal production that will be reflected in the quality of the final product. 
To evaluate the Se, De and Re numbers for a yoghurt flow in pipes, it was necessary to determine the rheological parameters n i , n e , k i , k e , m e and C. The systematic procedure to estimate these rheological parameters was as follows: By using a rheometer, the shear stress versus time was measured for five different shear rates. Then from these measurements x i and x e for each shear rate was estimated. By fitting the data to the power-law model, n i , k i , n e and k e were determined.. In addition C and m e were evaluated from the plot of m versus time of shearing (see equation 4). By using the above rheological parameters, Se, De and Re numbers were calculated, which are needed to estimate the friction in a circular pipe. On the other hand the Se number was also calculated from the pressure drop measurements along the circular pipe.
Materials and Methods
Preparation of stirred yoghurt Different casein and fat content milks are provide by Dairy Crest, U.K. Yoghurt cultures mainly consist of a mixture of strains of lactic acid bacteria lactobacillus bulgaricus and streptococcus thermophilus. Ropy strains of lactic acid bacteria (RR) are often used to produce stirred yoghurt. In this study, two strains of pure commercial cultures for direct inoculation of the processed milk were used for the manufacture of yoghurt products, namely; RR (ropy) and ISt (moderate ropy) (obtained from CSK, Leeuwarden, The Netherlands). The pasteurized milk (5 min at 85℃ having 0.05 % (w∕w) fat, and 4.0% (w∕w) casein was inoculated using 0.03 g.L -1 mixtures of RR (ropy) and ISt (moderate ropy) in a ratio of 1:1. The inoculated milk was kept in a vessel for about 16 − 18 h at 42℃ until pH 4.0 ± 0.2 was reached. To make stirred yoghurt the gels were gently stirred in a standardized way. Circular pipe set up Figure 1 show the experimental setup used in this study. The vessel was filled by stirred yoghurt (after manually stirring) and a piston pump was used to pump the stirred yoghurt through a 10 m circular pipe having a diameter of 22 mm. Stirred yoghurt with different casein (4.0, 4.4, and 5.6 % (w∕w) and different fat (0.05, 1.0, 3.0 and 8.0% (w∕w)) content were pumped through the circular pipe with a flow rate equal to 3.6 L/min at 20℃. For rheological characterization, the samples were collected from the sampling valve, and four pressure gauges were used to measure the pressure drop of the fluid (see Figure 1) . The distance between the pump outlet and sampling valve is 2 m. The 2 m zone is necessary to minimize the entrance effect and to reach the steady state flow conditions. Sampling was made carefully and with assuming that it altered as little as possible the viscosity of the product as little as possible.
flow is laminar; if Re > 4000, the flow is turbulent; and if Re is in between 2100 and 4000, the flow is transient (Rao, 2010) .
The rheological state equation describing shear stress for non-Newtonian thixotropic fluid like yoghurt is:
and the structural parameter decay equation:
. dt
where x is the shear stress, c o is the shear rate, n is the flow behavior index, k is the consistency coefficient, m is the structural parameter, C is the rate of structural decay (the speed of structure breakdown), p is the order of the structure breakdown, and m e is the equilibrium state. For a shear thinning material follows the power law model like yoghurt (Benezech and Maingonnat 1993; Abu-Jdayil et al., 2000; Abu-Jdayil, 2003; Aportela-Palacios et al., 2005; Renan et al., 2009) , and by taking the order of the structure breakdown "p" equals two for stirred yoghurt (Benzech and Maingonnat, 1993) , then the structural decay parameter, m, can be given by:
This also leads to m i = 1 (complete structure) and , where m e and C are assumed to be constants and independent of shear rate for stirred yoghurt (Schmitt et al., 1998) .
The dimensionless structure number (Se) which is defined as the ratio of the axial pressure gradients at the pipe
to the axial pressure gradient at the pipe exit as x → ∞,
where rheological equilibrium of the fluid occurs, can be written as (Schmitt et al., 1998) :
. Se On the other hand, the modified Deborah Number (De) is defined as (Kemblowski and Petera, 1981) :
While the Re number in a circular pipe flow can be defined as (Schmitt et al., 1998) : ghurt behaved as a thixotropic material. The hysteresis loop area may be assumed to be the difference between energies required for structural breakdown and rebuilding. In other words, all the data in Figure 2 shows that there was an irreversible, shear-induced and damage affecting of the molecular structure of yoghurt, namely fats and caseins. However, flow curves of yoghurts produced with high casein content had a higher slant angle and higher values of shear stress for the same value of shear rate, indicating that increasing the casein content in stirred yoghurt resulted in an increase in the apparent viscosity. These yoghurts with high casein content showed more resistant to action of shear forces. This can be attributed to the increased interparticle interactions in the yoghurt, mainly caused by self-aggregation of proteins. The results are in accord with that reported by Krzeminski et al. (2011) , where they reported that the resistance towards shearinduced disruption of yoghurt gels increased with increasing proportion of casein protein in the protein mixture.
On the other hand, the presence of hysteresis loops, i.e., the difference existing between the forward and backward measurements, reveals that the stirred yoghurt would exhibit a thixotropic behaviour. Figure 2 also shows that an increase in the casein content caused an increase in hysteresis loop area of flow curves, which means an increase in the degree of thixotropy of the yoghurt. However, the effect of casein content on the structure breakdown of yoghurt cannot be quantified correctly using the hysteresis loop area, because this area will be changed based on the range of the shear rate.
(2) Time-dependent behaviour Fresh stirred yoghurt samples were sheared in the viscometer at different constant shear rates, namely; 40, 60, 100, and 140 1/s. The first value of shear rate is closely correlated to the sensorial perception in mouth of a product (Abu-Jdayil and Mohameed, 2002) . Figures 3 and 4 show the typical behaviour of the apparent
Rheological measurements
The rheological measurements were performed at controlled temperature of 20.0 ± 0.1℃ using a controlled stress strain rheometer (PHYSICA, MCR 300, Paar Physica) with a cone and plate sample geometry (4° cone, 40 mm diameter plate, 150 μm truncation gap). Since the structure of yoghurt gel is sensitive to its shear deformation history, samples were carefully loaded to the rheometer. To diminish structural differences among samples caused by different treatments, this was followed by 300 s equilibration to allow for a structural rebuilding that would solely be dependent on the composition of the yoghurt.
The experiments performed to characterize the shear, and time dependency of the flow behaviour of stirred yoghurt consisted of a series of two measurements; firstly, the flow curves of yoghurt were measured by increasing (forward measurements) and decreasing (backward measurements) the shear rate. The shear rate was varied from 1 to 600 s -1 with changing rate of 12.2 s -1 . Secondly, the shear stress was measured as a function of time at constant shear rate. Four different shear rates (40, 60, 100, and 140 s -1 ) were applied to determine different rheological parameters at 20℃. For each shear rate, 2000 s of shearing time were enough to reach the "plateau" state, which is the equilibrium state of the viscosity.
Results and Discussion
Casein Content (1) Flow curves Figure 2 shows the flow curves (x vs c) for stirred yoghurt of different casein contents. The shear stress -shear rate relationship was non-linear, indicating that yoghurt behaved as a non-Newtonian fluid at different casein concentration. In addition, the presence of hysteresis loops was an indication of the shearing effect on the molecular structure of stirred yoghurt, which means that the stirred yo- viscosity of stirred yogurt as a function of shearing time at different casein content and different shear rates, respectively. It is clear that the viscosity of yoghurt decreased with the shearing time to reach an equilibrium state within 2000 s. Yoghurts with high casein content were characterized by high viscosity values and strong dependence of apparent viscosity on shearing time. In other words, the degree of thixotropy in stirred yoghurts increased with the casein content. The yoghurt samples with the high casein content took more time to reach the equilibrium viscosity, since the protein network had to be disrupted first (Afonso and Maia, 1999) . From the obtained data at different shear rates, the initial and equilibrium power-law model parameters have been calculated. In addition, average values of the structural parameter (m e ), and the rate of structural decay (C) for stirred yoghurt have been estimated at different levels of casein content. As shown in Table 1 , the equilibrium flow behaviour index (n e ) is less than the initial flow behaviour index (n i ), produce gel with high apparent viscosity (see Figure 2) , and the yoghurt became more structured and at the same time highly dependent on shearing conditions. Low values of m e at high casein content means that the structure break down (percentage basis) is high with high casein content, in other words, the casein content increased the degree of thixotropy of the stirred yoghurt. Table 2 shows the Reynolds number (Re), structure number (Se) and Modified Deborah number (De) for different casein contents stirred yoghurts. During the flow in a pipe, the structure number has three cases; if the Se is smaller than one, then the fluid structure will build up during the flow in the pipe. In other words, the build-up rate of the structure is higher than the breakdown rate. The second case is when the structure number (Se) is greater than one; here the build-up which means the yoghurt samples at equilibrium have more deviation from the Newtonian behaviour. Although the casein content had no clear effect on the flow behaviour index, it had strong effect on the consistency coefficients (k), which represents the viscosity of yoghurt samples. Increasing the casein content led to an increase in the k-values, this increase was more pronounced in the fresh yoghurt samples rather than in the sheared samples. Table 1 shows also that increasing the casein content in yoghurt led to increase the rate of structure breakdown (C) and to decrease the average value of the structural parameter an associated Newtonian viscous flow. At higher Deborah numbers, the material behaviour changes to non-Newtonian regime, increasingly dominated by elasticity, reaching solid like behaviour with very high Deborah numbers (Reiner, 1964) . As can be seen in Table 2 , increasing the casein content in stirred yoghurt increased the Deborah number, which means that the presence of casein increased the elasticity of the yoghurt, which is a characteristic of a gel structure. Fat Content (1) Flow curves Milk and cream are examples of fatin-water emulsions. The milk fat exists as small globules or droplets dispersed in the milk serum. Their diameters range from 0.1 to 20 m. Milk fat is liquid when milk leaves the udder at 37℃. This means that the fat globules can easily change their shape when exposed to moderate mechanical treatment -pumping and flowing in pipes for instance without being released from their membranes.
Four stirred yoghurt samples with different fat contents (0.05, 1, 3, and 8 % (w∕w) ) were pumped through a circular pipe with a flow rate of 3.6 L/min at 20℃ and subjected to the rheological tests. Figure 5 shows the flow curves of these samples measured under the forward and backward conditions. Increasing the fat content resulted in a rise of shear stress and apparent viscosity of the stirred yoghurt. An addition of fat resulted in an overall increased compactness of the gel yoghurt microstructure (Krzeminski et al., 2011) . Shaker et al. (2000) found that the increase in fat content of plain yoghurt led to an increase in viscosity. In addition, the rate of the structure is slower than the breakdown rate. This means that during the flow in pipe a breakdown of the fluid structure will occur. When Se = 1, the fluid structure at the pipe entrance is equal to the mean value of the equilibrium structure at the end of the pipe, which means there is no build-up or breakdown of structure.
The structure number (Se) for stirred yoghurt has been calculated using the measured rheological parameters (Equation 5) and compared with that measured by measuring the pressured drops along the pipe.
In the present case the values of Se (measured or calculated) were always greater than 1 (see Table 2 ). This means that stirred yoghurt structure breakdown occurs through the circular pipe and it is function of the casein content. In all cases, the structure of the yoghurt gel cannot be rebuilt again and the breakdown rate increases as the casein content increases. In addition, the difference between the calculated and measured Se was acceptable, especially at low casein content. The results support the validity of the approximate expression (Equation 5 ) to estimate the structural number or to calculate the pressure drop of the stirred yoghurt through a circular pipe.
Modified Deborah number De is the ratio of the relaxation time characterizing the time it takes for a fluid to adjust to applied stresses or deformations, and the minimum resi b. abu-jdaYil et al. increase in the fat content led to increase the degree of thixotropy of the stirred yoghurt. This can be revealed from the increase in the area of hysteresis loops based on the increase in the fat content. However, the subsequent results will clarify more the effect of fat on the structure breakdown of stirred yoghurt.
(2) Time-dependent behaviour The effect of fat content on the rheological time-dependent behaviour of stirred yoghurt was investigated by shearing fresh samples in the viscometer at constant different shear rates for 2000 s. The decay of yoghurt viscosity with shearing time as a function of the fat content is illustrated in Figure 6 . It is clear that the dependence of apparent viscosity on the shearing time increased with fat content, where the thixotropic behaviour was more pronounced at high fat content. The apparent viscosity of the sample with highest fat content took more time to reach equilibrium, since the fat globules which were acting as linking protein agents had to be disrupted first (Krzeminski et al., 2011) .
By collecting the rheological data (apparent viscosity versus shearing time) at different shear rates, the power-law model parameters, average values of the structural parameter (m e ), and the rate of structural decay (C) for stirred yoghurt have been calculated at different levels of fat content. Table  3 shows that the equilibrium flow behaviour index (n e ) is less than the initial flow behaviour index (n i ), which means the yoghurt samples at equilibrium have more deviation from the Newtonian behaviour. This behaviour was more significant in samples with high fat content. In addition, the fat content has a clear effect on the consistency coefficients (k), which represents the viscosity of yoghurt samples. Increasing the fat level in stirred yoghurt led to an increase in the k-values for both fresh and sheared samples.
In addition, Table 3 shows that the increase in the fat content of stirred yoghurt led to increase the rate of structure breakdown (C) and to decrease the average value of the structural parameter (m e ), which support the flow curves results that increasing the fat content increased the degree of thixotropy of stirred yoghurt.
On the other hand, the Reynolds number (Re), structure number (Se) and modified Deborah number (De) are reported in Table 4 for stirred yoghurt with different fat contents. Al-though there were some differences between measured and calculated structure numbers (Se), both were greater than unity, and increased with the fat content. This yields that stirred yoghurt structure breakdown occurred during the flow in the circular pipe and its rate increased with increasing fat content. It is likely that the shearing of fats during the flow in the circular pipe causes disruption of the three-dimensional structure through the breaking of the primary and secondary bonds in the fat structure . On the other hand, Table 4 shows that increasing the fat content in stirred yoghurt, increased the Deborah number, which means the presence of fat increased the elasticity of the yoghurt, where the three dimensional fat polymers contribute in the increase of the gel strength of stirred yoghurt. In addition, the data presented in Table 2 and 4, reveal that the contribution of casein in the elasticity of stirred yoghurt was greater than that of fat, since the Deborah number in the cases of casein is greater, which is common in stirred yoghurt (Ciron et al., 2012) .
Conclusions
The structure breakdown of the stirred yoghurt in a circular pipe was evaluated from the rheological measurements and compared with that estimated from flow mode data through estimating the dimensionless structure number (Se) and Deborah number (De). The results proved that the simple rheological tests can be used to estimate the behaviour of stirred yoghurt in pipe flow. In addition, the results showed that the stirred yoghurt samples with high casein and/or fat content produced gel with high apparent viscosity, and the yoghurt became more structured and at the same time highly dependent on shearing conditions. The rheological and pipe flow tests revealed that the thixotropic behaviour of stirred yoghurt was more pronounced at high casein and fat content, where the rate of structure breakdown of yoghurt in pipe flow is greater than the build-up rate. On the other hand, the stirred yoghurt with high casein and fat content exhibited high value of Deborah number (De), which means an increase in the elasticity of the yoghurt. However, the results revealed that the contribution of casein in the elasticity of stirred yoghurt was greater than that of fat. 
